The transcription factor, activator protein-1 (AP-1), binds to cognate DNA under redox control; yet, the underlying mechanism has remained enigmatic. A series of crystal structures of the AP-1 FosB/JunD bZIP domains reveal ordered DNA-binding regions in both FosB and JunD even in absence DNA. However, while JunD is competent to bind DNA, the FosB bZIP domain must undergo a large conformational rearrangement that is controlled by a 'redox switch' centered on an inter-molecular disulfide bond. Solution studies confirm that FosB/JunD cannot undergo structural transition and bind DNA when the redox-switch is in the 'OFF' state, and show that the mid-point redox potential of the redox switch affords it sensitivity to cellular redox homeostasis. The molecular and structural studies presented here thus reveal the mechanism underlying redox-regulation of AP-1 Fos/Jun transcription factors and provide structural insight for therapeutic interventions targeting AP-1 proteins.
INTRODUCTION
Many transcription factors are under redox regulation, including the activator protein-1 (AP-1), one of the earliest identified (1) (2) (3) (4) . AP-1 is a heterodimer composed of Fos, Jun, ATF and Maf proteins; it binds to cognate DNA (an 'AP-1 site') and regulates gene expression, controlling cellular events such as differentiation, proliferation and apoptosis (5). The prototype AP-1 c-Fos/c-Jun bZIP domain contains two inter-coiled helices held together by a leucine zipper that forms a forceps-like structure and two helical basic regions that insert into the major grooves of DNA ( Figure 1A ) (6) . Conserved leucines at d-positions of helical heptad repeat 1 through 5 assemble the coiled-coil architecture of the leucine zipper in the dimer, and a consensus motif (NxxAAxxCR) from each monomer interacts with the palindromic AP-1 site (TGA(G/C)TCA) (6,7) ( Figure   1A ). Related bZIP protein families, e.g. CREB, NFE2 and BACH, share these conserved residues (3) ( Figure 1A ; Supplementary Figure S1 ).
Binding of AP-1 to DNA is controlled by redox regulation, but the underlying mechanism has remained enigmatic (1, 4, 8) , perhaps because in the absence of DNA, the binding region has been presumed to be unfolded in AP-1 (9, 10) and other bZIP transcription factors in general (11) . To address this gap, we solved a series of crystal structures of the human FosB/JunD bZIP heterodimer (hitherto referred to as FosB/JunD), an AP-1 complex prominent in brain (12) . By comparing our crystal structures of FosB/JunD in presence and absence of DNA, we reveal that, while both FosB and JunD contain ordered DNA-binding modules even in absence of DNA, at least in the crystalline state, only JunD is in a conformation to bind DNA. The FosB bZIP domain must undergo a large conformational rearrangement in order to bind DNA, which is controlled by a 'redox switch' centered on an inter-molecular disulfide bond between FosB and JunD. Together with solution-based studies, our data reveal the structural basis for redox control of AP-1 transcription factors such as FosB/JunD.
MATERIALS AND METHODS

Oligonucleotides
The sense and antisense strands of a 19-mer oligo DNA (5 -CGTCGGTGACTCAAAACAC-3 ; AP-1 site underscored) derived from the AP-1 site in the cyclindependent kinase 5 promoter labelled with TAMRA at both 5 -ends were purchased from Sigma Aldrich. The sense and antisense strands of an oligo DNA 5 -(CGTCGGTGACTCACCGACG-3 ; AP-1 site underscored) engineered to be fully palindromic to promote crystallization were purchased from Sigma Aldrich. Oligo DNA was annealed by mixing equivalent molar quantities of the complementary strands and heating them to 95
• C for 2.5 min, followed by slow cooling to room temperature (∼1 min/
• C). Annealed oligo DNA were checked for purity by electrophoresis on polyacrylamide gels stained with ethidium bromide. 
Molecular cloning
The Homo sapiens FosB bZIP domain (residues E 153 -K 219 ) was sub-cloned into a pET21-NESG expression vector using the cDNA of Mus musculus FosB gene as a template because the sequences are identical. The H. sapiens JunD bZIP domain (residues Q 266 -V 332 ) was cloned into a pET21a expression vector (Genscript). Each of the constructs has an N-terminal hexa-histidine tag followed by a tobacco etch virus (TEV) protease cleavage site. Plasmids verified by DNA sequencing were transformed into chemically competent Escherichia coli Rosetta 2 (DE3) cells (Invitrogen).
Protein production and purification
To express recombinant proteins, a culture of E. coli strain Rosetta 2 (DE3) grown in LB media at 37
• C to a density of 0.6 (595 nm) was induced overnight with 0.5 mM isopropyl ␤-D-thiogalactoside (IPTG) at 16
• C. The harvested cells were re-suspended in lysis buffer (20 mM Tris-HCl, pH 8, 1 M NaCl, 0.5 M NaBr, 20 mM imidazole and 2 mM Tris(2-carboxyethyl)phosphine (TCEP)), lysed by sonication, and centrifuged at 18 000 rpm (46 285 g) for 30 min. The supernatant was loaded onto a Ni-NTA agarose column (Invitrogen), washed with lysis buffer, and eluted in the same buffer containing 0.5 M imidazole. The eluted protein was then cleaved with His-tagged TEV protease to remove the histidine tag while dialyzing against 20 mM TrisHCl, pH 8, 1 M NaCl and 2 mM TCEP overnight to remove the imidazole. Cleaved and dialyzed protein was then again loaded onto the Ni-NTA agarose column, and the flow-through containing the histidine tag-free protein was collected.
In vitro reconstitution, air-oxidation and size-exclusion chromatography
FosB and JunD bZIP domains individually produced were mixed at equal molar, and subjected to size-exclusion chromatography using a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated with 20 mM HEPES, pH 7, 0.5 M NaCl and 1 mM DTT. Peak fractions containing the reduced FosB/JunD (FJ red ) heterodimer (as detected by SDS-PAGE) were pooled, concentrated and reapplied 5-10 times to improve homogeneity. The oxidized form of FosB/JunD (FJ oxi ) was generated by dialyzing purified FJ red overnight against 20 mM HEPES, pH 7 and 0.5 M NaCl to remove reducing agent while exposing to ambient air. After completion of the conversion of FJ red to FJ oxi (as assessed by non-reducing SDS-PAGE), FJ oxi was reloaded on a size-exclusion column in the same buffer to ensure homogeneity. DNA-bound, reduced FosB/JunD was generated by mixing purified FJ red with oligo-DNA containing the AP-1 site at equal molar and purification with sizeexclusion chromatography in a buffer containing 20 mM Tris-HCl, pH 8, 50 mM NaCl and 1 mM TCEP. Finally, all proteins and protein-DNA complexes were concentrated to 10-20 mg/ml, aliquoted and flash frozen. The final protein purity was analyzed by SDS-PAGE (purity > 95%).
Crystallization and X-ray data collection
Two crystal forms were grown for FosB/JunD in complex with DNA. FJ-DNA Type I crystals were grown at 293 K with the hanging-drop vapor-diffusion method by mixing 0.5-1 l of FosB/JunD-DNA complex (8 mg/ml protein in 20 mM Tris-HCl, pH 8, 50 mM NaCl, 1 mM TCEP) with an equal volume of reservoir solution consisting of 0.9 M Na 2 HPO 4 and 24% (v/v) ethylene glycol. FJ-DNA Type II crystals were obtained similarly but without ethylene glycol in the reservoir. Serial streak seeding was performed to improve crystal morphology. FJ-DNA Type I crystals were transferred to reservoir solution and then cryo-cooled by plunging into liquid nitrogen; FJ-DNA Type II crystals were cryo-protected by adding 20% (v/v) ethylene glycol to the reservoir solution before cryo-cooling. Diffraction data on Type I and II FJ-DNA crystals were collected at 100 K at the Advanced Photon Source (APS), Argonne National Laboratory (ANL), Argonne, IL beamline 19-ID using X-rays of wavelength 0.979Å. Four different crystal forms of FosB/JunD in the DNA-free form were obtained. FJ crystals were grown at 293 K with the sitting-drop vapor-diffusion method by mixing 0.5-1 l of FosB/JunD (10 mg/ml protein dialyzed against 20 mM HEPES, pH 7, 50 mM NaCl and 1 mM TCEP) with an equal volume of reservoir solution consisting of 3 M 1,6-hexanediol, 50 mM Tris, pH 8.5 and 5 mM MgCl 2 . Crystals were cryo-protected by transferring them to reservoir solution and then cryocooled by plunging them into in liquid nitrogen. Diffraction data were collected on a single FJ crystal at 100 K at the APS Beamline 17-ID using X-rays of wavelength 0.9999Å. FJ oxi Type I crystals were grown at 293 K with the sittingdrop vapor diffusion method by mixing 0.5 l of FJ oxi (20 mg/ml protein in 20 mM HEPES, pH 7, and 50 mM NaCl) with 0.5 l of reservoir solution consisting of 45% (v/v) 2-methyl-2,4-pentanediol (MPD), 0.3 M NaCl and 0.1 M HEPES, pH 7.5. Serial streak seeding was performed to improve crystal morphology. Crystals were cryo-cooled directly from the mother liquor by plunging into liquid nitrogen. FJ oxi Type II crystals were grown at 293 K with the hanging-drop vapor diffusion method by mixing 0.3-1 l of FJ oxi (20 mg/ml protein in 20 mM HEPES, pH 7, 50 mM NaCl) with 1 l of reservoir solution consisting of 12% (v/v) ethanol, 0.3 M NaCl and 2% (v/v) Jeffamine M-600. Crystals were cryo-protected in reservoir solution containing 20% (v/v) ethylene glycol and flash-cooled by plunging into liquid nitrogen. FJ oxi Type III crystals were grown at 293 K with the hanging-drop vapor diffusion method by mixing 1 l of FosB/JunD (8.5 mg/ml protein dialyzed into 20 mM sodium cacodylate, pH 7, 50 mM NaCl and 3 mM DTT) with 1 l of reservoir solution consisting of 20% (v/v) MPD, 0.1 M NaCl, 50 mM sodium cacodylate, pH 6, and 10 mM spermine. Crystals were cryo-cooled directly from the mother liquor by plunging into liquid nitrogen. Diffraction data were collected on a single FJ oxi crystal of type I, II or III at 100 K at the APS beamline 21-ID-F using X-rays of wavelength 0.9787Å.
Data processing, structure solution and refinement
Diffraction data sets were collected from single crystals. Data were processed, and the integrated intensities merged and reduced in HKL2000 (13) by using automatic correction procedures. The resolution cut-off was generally set to I/(I) = 2 (as defined by HKL2000). The FJ-DNA (Type I and II) crystal structures were solved by molecular replacement with the program PHASER (14) in PHENIX (15) using the human c-FOS/c-JUN:DNA complex (Protein Data Bank entry 1FOS (6)) as the search model. FJ and FJ oxi structures were solved by molecular replacement using the Leucine Zipper of the FJ-DNA Type I structure as the search model. Iterative cycles of model building and refinement were carried out with COOT (16) and PHENIX.refine (17) using riding hydrogen atoms added to all models, translation-libration-screw rotation (TLS) parameterization by TLSMD analysis (18) and validation with MolProbity (19 
Molecular graphics
Molecular graphics representations were created using the software CCP4mg v2.9.0 (20) . Molecular graphical movies were produced using the UCSF Chimera package (21) . BAA24932.1; BACH2: NP 001164265.1) was carried out using COBALT (22) .
Mass spectrometry
Matrix-Assisted Laser Desorption Ionization Time-ofFlight Mass Spectrometry (MALDI TOF/TOF MS, Sciex 5800) was used to analyze protein molecular weights. Protein samples (1 L) were spotted on a 384 Opti-TOF 123 mm × 81 mm SS plate, dried, sinapinic acid solution (1 L) added and dried again. Cytochrome c solution was spotted next to samples for external calibration. The instrument was operated in positive ion linear mode with mass range 3-12 kD. A fixed laser intensity of 6 K was used, and a total of 5000 samples were taken. Intensity data were normalized with the highest peak set at 100%. Figures were made with GraphPad Prism v5.01 (GraphPad Software).
Determination of midpoint redox potential
FJ
oxi samples serially diluted in the absence and presence of 5 mM DTT were resolved with non-reducing SDS-PAGE on 15% gels, stained with silver nitrate, and quantified with ImageJ software (National Institutes of Health) to determine the densitometric linear range of the protein concentration. The redox potential of FosB/JunD was determined following a previously published procedure (23) . FJ oxi (50 nM, Mw heterodimer) was added to aliquots of buffer containing 20 mM HEPES at pH 7, 50 mM NaCl and 200 mM trans-4,5-dihydroxy-1,2-dithiane (the oxidized form of DTT, DTT ox ). DTT was then added to the aliquots in a twofold serial dilution from 5 mM to 10 M to establish a gradient of half-cell redox potential (E h ). The E h of each aliquot containing the DTT/DTT ox redox couple was determined according to the Nernst equation for a two-electron redox reaction:
, where E 0 = -330 mV at pH 7, and n = 2 (24). Control experiments were carried out without DTT ox in the reaction system to ensure the reduction capacity of DTT. Samples were equilibrated at room temperature for 2 h before the reaction was quenched with 5 × non-reducing SDS-loading buffer containing 200 mM n-ethylmaleimide (NEM 
, where n = 2. The midpoint redox potential (E m ) at pH 7 was determined by iterative curve fitting using GraphPad Prism v5.01 (GraphPad Software). All E m values reported correspond to the average of three independent titrations. 
Circular dichroism spectroscopy
Circular dichroism measurements were performed on a J-815 Spectropolarimeter (JASCO) equipped with Peltier junction temperature controller at 20
• C using a quartz cuvette with 1 mm path length. Spectra were recorded at 0.5 nm intervals from 190 to 250 nm with a 1 nm bandwidth. Spectra were averaged over three scans, buffer spectra subtracted and then converted to mean residue ellipticity ([θ ]). Protein concentrations were determined by measuring the UV absorbance at 215 nm with a DeNovix DS-11+ spectrophotometer using a percent extinction coefficient (E = 0.1%) of 11.7 for a 1 mg/ml (0.1%) solution of peptide as defined by the manufacturer. Ellipticity of FJ oxi at 0.1 mg/ml (6 M as heterodimer) in a buffer of 12. 
Protein labelling
To label FJ oxi using amide coupling, a sample (2 mg/ml, 120 M, M w heterodimer) was incubated with 1 mM (5/6) TAMRA-SE (G-Biosciences) in 20 mM HEPES, pH 7.0, 50 mM NaCl at room temperature for 10 min. Labeled protein was separated from unreacted fluorophore by two passes over a SpinOUT GT-600 desalting column (G-Biosciences). The protein concentration of TAMRAlabelled protein was determined using UV absorption at 247 nm, where TAMRA has an extinction coefficient of 80 000 cm −1 M −1 . A labelling efficiency of 1.05 mol of TAMRA per mol of FJ oxi was obtained.
Fluorescence-based equilibrium titration
Titration experiments were conducted in non-treated black 96-well plates (Corning) using a PHERAstar microplate reader (BMG Labtech) with the fluorescence polarization module for TAMRA (Excitation/emission wavelength at 540 nm/590 nm). For each experiment, the gain of the parallel and perpendicular channel was calibrated with TAMRA in water so it has a polarization value of 50 mP and a fluorescence intensity close to that of the labelled protein or DNA. A blank control (buffer only) was subtracted from intensity readings for all experiments. Titration of FosB/JunD oligomerization was carried out by serial dilution of 50 M FJ oxi (M w heterodimer) with buffer (20 mM HEPES, pH 7.0, 50 mM NaCl) added with 0.1 M TAMRA-labelled FJ oxi (M w heterodimer) as a tracer. Titration of the saturation binding of FosB/JunD to DNA was carried out by serial dilution of 600 nM FJ oxi with buffer (20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.02% Nonidet P-40) added with 10 nM TAMRA-labeled DNA as a tracer. For experiments with reduced protein, TCEP was added to a final concentration of 1 mM. All titrations were carried out in duplicates. Fluorescence intensity and polarization data were computed with the MARS Data Analysis Software v3.01 (BMG Labtech). Intensity readings (F) were normalized (F/F 0 ) (whereby F 0 is the intensity at zero concentration of titrant). Curves of FosB/JunD oligomerization were fit using GraphPad Prism v5.01 (GraphPad Software). Curves for FosB/JunD oligomerization were fit to a mathematical model of dimer-tetramer equilibrium adapted from published methods (26) . The bindingsaturation curves were fit to a mathematical model of onesite specific binding with ligand depletion (27) .
Analytical ultracentrifugation
Sedimentation velocity experiments were performed at 20
• C in a Beckman Coulter Model XL-A analytical ultracentrifuge using double-sector quartz cells and an An-60 Ti rotor. FJ oxi at three concentrations (M w heterodimer): 3 M (in 12.5 mM K 2 HPO 4 /KH 2 PO 4 , pH 7.0, 50 mM NaF), 30 or 300 M (both in 20 mM HEPES, pH 7.0, 50 mM NaCl) in a sample volume of 350-400 l were loaded into the sample cells. Buffer in a volume of 420 l was loaded into the reference cells. For experiments with reduced protein, 1 mM TCEP was added to both buffer and sample. The optimal wavelengths to measure the absorbance of the samples were determined with test scans carried out at 3000 rpm. Production scans of absorbance at 202, 230 or 242 nm were carried out, one per 10 min, at 50 000 rpm (201 240 g) with a step size of 0.003 cm. Solvent density, solvent viscosity, and estimates of the partial specific volume of FosB/JunD bZIP heterodimer (0.737 ml/g) at 20
• C were calculated using SEDNTERP (28) . Data were fitted to a continuous sizedistribution model using SEDFIT software (29) (30) (31) 
RESULTS AND DISCUSSION
Crystal structures of FosB/JunD bound to AP-1 DNA
We first determined the structure of FosB/JunD bound to an AP-1 site in two forms at 2.1 and 2.7Å resolution, respectively (FJ-DNA type I and II) ( Figure 1B ; Supplementary Figure S2A ; crystallographic data shown in Table 1 in the DNA-binding consensus motif were mutated to serine (6) . It has been proposed that in the AP-1 c-Fos/c-Jun heterodimer the cysteines in the DNA-binding motif (C g-1 ) are under redox-control and decrease DNA binding upon oxidation, for example, by forming an intermolecular disulfide bond (4, 8) . In our FosB/JunD+DNA structures, C 172 (FosB) and C 285 (JunD) are located 14Å apart ( Figure 1B  and D) . Furthermore, a helical-wheel representation shows that these two cysteine residues are located on opposite sides of the coiled-coil interface ( Figure 1E ) making it difficult to envision how these two residues could come in close enough proximity to bond. One explanation has been that the two C g-1 residues can approach by diffusion and form the disulfide bond, because of the presumed disorder of the DNAbinding regions in the absence of DNA (4, (8) (9) (10) .
FosB/JunD crystal structures in the absence of DNA
To test this theory, we embarked on structural studies of the DNA-free form of FosB/JunD. We first determined that FosB/JunD exists as a disulfide-bonded heterodimer in solution, already upon air-oxidation, after removal of reducing agent (Supplementary Figure S3A-D) . We then solved the structure of FosB/JunD under oxidizing and reducing conditions, denoted as FJ oxi and FJ, respectively, in four different crystal forms to a highest resolution of 2.5Å (FJ oxi type I-III and FJ) (crystallographic data shown in Table 1 ; Supplementary Figure S3E-F) . As is clear from FJ oxi type I, a close representative for all four crystal structures, the DNA binding motif of both FosB and JunD are unexpectedly ordered even in the absence of DNA (Figure 2A) . However, in contrast to JunD where the DNA-binding motif is incorporated as part of a single helix extending the leucine zipper, in FosB, the DNA-binding motif forms an isolated, second helix connected by a kink and is bent by ∼60
• (Figure 2A) . The shift in the FosB helix registry induced by the kink at R 175 -R 176 -R 177 brings C 172 (FosB) in close proximity to C 285 (JunD), allowing an intermolecular disulfide bond to form which covalently tethers a skewed FosB DNA binding motif to the JunD helix ( Figure 2B-D) . The FJ structure, though solved from crystals grown under reducing conditions, contains both reduced and oxidized C g-1 thiol groups located close together in space, and both reveal the kinked conformation of FosB ( Figure 2B and C) . The kink in FosB is stabilized by K 289 (K d0 ) of JunD, making a hydrogen bond with the backbone carbonyl groups of R 175 /R 176 (R c0 /R d0 ) of FosB ( Figure 2B ). The (R/K) d0 residues are conserved in all AP-1 and 'AP-1 like' proteins ( Figure 1A ; Supplementary Figure S1 ). The FosB/JunD heterodimer in the FJ oxi crystal structures may thus represent a structural template for c-Fos/c-Jun and other bZIPs that contain inter-molecular disulfide bonds formed by C g-1 cysteine residues, e.g. CREB (33) .
Our findings are striking because the DNA-binding motifs of many bZIP proteins including AP-1 and GCN4 have been presumed to be unfolded, adopting a helical conformation only upon DNA binding (9, 11, 34) . Therefore, in the absence of DNA, while the exemplary bZIP protein GCN4 is thought to be structured only in its leucine zipper (heptad 1-5) (35), our crystal structures suggest that the DNA binding residues of FosB and JunD can adopt a helical conformation in absence of DNA, at least as we observe them in a crystalline environment ( Figure 2E ). 
Structural transition of FosB upon DNA-binding is controlled by a redox switch
Comparison of our six FosB/JunD structures (±DNA) reveals that the DNA-binding consensus motifs in FosB and JunD retain their helical characters for site recognition regardless of whether DNA is bound (Figures 3 and 4A) . However, while the DNA binding motif of JunD is poised to interact with DNA (its position is fixed with respect to the leucine zipper), the DNA binding motif of FosB is swiveled away, anchored by the C 172 /C 285 (C g-1 ) disulfide bond, thus preventing its interaction with the AP-1 site (Figure 3) . We propose that the conserved C 172 /C 285 (C g-1 ) intermolecular disulfide bond in FosB/JunD forms a 'redox switch' that controls a structural transition required for DNA binding. Upon reduction (redox switch 'ON'), the FosB bZIP undergoes a localized coil-to-helix transition from an interrupted, kinked helix to a single, continuous helix thereby extending its leucine zipper helix and inserting into the major groove of DNA. When oxidized (redox switch 'OFF'), the C g-1 disulfide bond sterically prevents this structural transition, locking FosB in a kinked conformation that cannot bind DNA (Figure 3) .
To measure the sensitivity of the FosB/JunD redox switch to intracellular redox homeostasis, we determined the midpoint redox potential E m of the FosB/JunD C 172 /C 285 (C g-1 ) disulfide bond at neutral pH revealing it is -225 ± 0.9 mV ( Figure 4B ; Supplementary Figure S4A-C) . The observed redox potential is close to the reported intracellular redox potential (approx. -230 mV) (36) likely rendering the FosB/JunD switch sensitive to perturbation of glutathione as a redox reservoir (36) and redox-active proteins such as redox-factor 1 (Ref-1) and multiprotein bridging factor 1 (MBF1) that modulate AP-1 activity (37) (38) (39) . The low E m can be explained by the abundance of positively charged, nucleophilic groups that surround the cysteine residues of the redox switch (R 288 /R 175 (R/K) c0 , K 289 (K d0 ) and R 173 (R a0 ) sidechains), which could decrease the pK a of the C 172 /C 285 (C g-1 ) thiol groups ( Figure 4B ; Supplementary Figure S4D ), and are conserved among the aligned sequences ( Figure 1A; Supplementary Figure S1 ). In our structures, JunD maintains helicity throughout the bZIP domain, with or without DNA, however, FosB acquires helical content as the kink (heptad 0) and the disordered region beyond the DNA-binding motif (heptad -2 plus the N-terminal residues) rearrange upon DNA binding ( Figure 4A ). We validated the FosB re-folding event induced by AP-1 DNA with circular dichroism by monitoring the change in ellipticity at 222 nm as an indicator of helical content ( Figure 4C ; Supplementary Table S1 ). In the absence of DNA, oxidized and reduced FosB/JunD had the same helical content in solution. Upon addition of DNA to FosB/JunD under reducing conditions the helical content increased significantly, consistent with similar solution studies of c-Fos/c-Jun (9) . The apparent increase in helical content (Supplementary Table S1 ) is likely a combined effect of the refolding of FosB, stabilization of the DNA binding regions of both FosB and JunD, as well as the tighter winding of the leucine zipper in the coiledcoil (see Supplementary Movie S1). However, this DNAinduced increase in helical content was blocked by oxidization of FosB/JunD. We further probed the redox-controlled DNA binding and structure transition of FosB/JunD in fluorescence polarization measurements ( Figure 4D ). Reduced FosB/JunD efficiently bound a TAMRA-labeled AP-1 site, while the same titration carried out with oxidized FosB/JunD did not (only residual, likely non-specific binding was observed).
Taken together, we propose a generalized mechanism of redox-regulation for AP-1 Fos/Jun transcription factors, which involves a protein structural transition coupled to DNA binding ( Figure 5A ). When the redox switch is 'OFF' and the C g-1 intermolecular disulfide bond is in place, the Jun consensus motif cannot bind to its AP-1 half-site due to steric hindrance of the disulfide-linked Fos. When the redox switch is 'ON', the Jun K d0 sidechain interacts with the DNA phosphate backbone, releasing its hydrogen bond to the backbone carbonyl of R c0 in the Fos kink ('K d0 attack'; Figure 5B ). Simultaneously, R c0 , R d0 and R e0 of the Fos kink transition into a helical conformation ('kinkhelix transition'; Figure 5C ). As the Fos bZIP refolds into a continuous helix, the Fos leucine zipper coils more tightly around the Jun leucine zipper, and the Fos DNA-binding motif pivots to the opposite side of the heterodimer interface and inserts into the major groove of DNA ('siterecognition'; Figure 5D ). As a consequence, the C g-1 residue of Fos migrates ∼20Å. As long as Fos/Jun remains bound to DNA, the C g-1 disulfide bond cannot re-form and the redox switch is kept in the 'ON' state ( Figure 5E ). The proposed mechanism is consistent with in vitro observations that the AP-1 transcription factor c-Fos/c-Jun bZIP domains are incapable of forming a disulfide bond cross-linked heterodimer and bind DNA efficiently when the cysteine residues of the redox switch are mutated to serine, and with studies showing that liberation from redox-regulation leads to increased AP-1 activity (4,8,39-41) . Strikingly, JunD proNucleic Acids Research, 2017, Vol. 45, No. 19 11435 tects cells from oxidants; and seizures (which cause oxidative stress) induce the related FosB (a splice variant of FosB)/JunD (42, 43) .
Of course, our observations are based on the behavior of the FosB and JunD bZIP domains in a crystalline environment, as well as solution studies involving circular dichroism and fluorescence polarization. It is not clear to what extent the crystalline environment influences the helical propensity of the N-terminal region of the FosB and JunD bZIP domains. Notably however, N-terminal residues Q 266 -R 275 of JunD in FJ oxi are helical even though they make no protein-protein interactions or crystal contacts (Supplementary Figure S5) . Our work thus raises the possibility that the N-terminal and DNA binding residues of AP-1 bZIP domains can adopt a helical conformation in the absence of DNA. This would set the stage for other proteins, such as co-activators, to bind to the N-terminal regions of bZIP domains to promote the helical conformation of Motif-F and Motif-J (for example through an allosteric mechanism), triggering the formation of 'pre-cast' DNA binding motifs that are fully 'primed' to bind DNA, thereby promoting efficient interaction with DNA.
FosB/JunD assembles as a dimer-of-dimers with a pocketshaped interface
Our crystal structures suggest a potential binding pocket for small-molecule inhibitors (44) . FosB/JunD in the DNAfree form arranged as a dimer-of-dimers in four different crystal environments, i.e. in a head-to-tail arrangement related by 2-fold crystallographic symmetry (crystal form FJ) or by twofold non-crystallographic symmetry (crystal form FJ oxi type I, II, and III) ( Figure 6 ; Supplementary Figure  S6 ). The dimer-dimer interface is predominantly mediated by the two FosB monomers; each FosB DNA binding motif interacts with the opposing FosB leucine zipper helix. The interface generates a concave pocket (∼25 × 12 × 6 A 3 in size) which was occupied by chloride ions in several crystal structures ( Figure 6 ; Supplementary Figure S7 ; Supplementary Movie S2). We confirmed the oligomeric state of FosB/JunD in solution with analytical ultracentrifugation and determined using fluorescence polarization that the equilibrium constant for its formation was in the low micro-molar range, regardless of whether FosB/JunD was oxidized or reduced (Supplementary Figure S8) . The oligomeric assembly in all four crystal structures shows relatively flexible basic DNA-binding regions and N-termini of both FosB and JunD, as evidenced by their higher B factors (Supplementary Figure S7B) . The oligomeric assembly likely helped stabilize the kink in FosB and DNA-binding motifs of FosB and JunD enabling us to observe these relatively flexible regions in our crystal structures.
Together, the structural and mechanistic insights into FosB/JunD suggest directions for therapeutically targeting AP-1 transcription factors focused on designing small molecules that alter the redox switch of AP-1 or stabilize the oligomer interface disrupting its binding to DNA (44) (45) (46) . 
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